A modified simple cavity design for the grazing incidence dye laser is presented.
Introduction and Purpose
The pulsed tunable dye laser has become an important source of narrowband radiation for laser spectroscopy. Hansch 1 was the first to demonstrate narrow linewidth operation at 0.1 cm-' by inserting a beam expanding telescope between the dye cell and a diffraction grating mounted in Littrow. He achieved further reductions down to 0.01 cm-' by positioning a tilted Fabry-Perot etalon into the collimated light field between the telescope and grating. Duarte and Piper 2 3 and others 4 -6 have also reported using beam expanding prisms in place of the telescope due to the difficulty in aligning the latter.
One of the more recent advances in dye laser development has been the introduction of the grazing incidence design by Shoshan et al. 7 and Littman and Metcalf. 8 Narrow wavelength operation is achieved by allowing the broadband emission emerging from the dye cell to pass over the surface of a diffraction grating at grazing incidence. In this configuration the grating exerts maximum angular dispersion on the spectral components of the incident light. A mirror is positioned to reflect a small frequency bandwidth from the first order of the grating back through the cavity, where it is further dispersed by the grating before passing through the amplifying medium and out of the cavity. The frequency is tuned by rotating this feedback mirror.
The grazing incidence design is in wide use for a variety of reasons, including ease of alignment, narrow linewidth operation, relatively low cost, and overall simplicity. However, the major drawback of this design is the low conversion efficiencies that are attainable. Values from 1 to 3% are typical, and this can be a severe limitation if one wishes to probe transitions that are only weakly allowed. The major sources of this low efficiency are threefold. 9 First diffraction gratings are inefficient at large angles of incidence, and, second, light is lost into unwanted diffraction orders. This latter problem can be minimized by the use of holographic gratings with a high number of lines per millimeter. A third, and most severe, contribution is due to diffraction losses in the cavity. Light emerging from the dye cell with a beam waist w 1 travels to the mirrorgrating pair and returns with an expanded beam waist w 2 which has a poor overlap with the active region of the dye. Therefore, large amounts of light are lost to absorption in the unpumped portions of the dye medium. The problem is especially acute when a short focal length cylinder lens brings the pump light to a tight focus on the dye cell, as this reduces the effective aperture seen by the emerging light and increases its divergence.
Recently Lisboa et al. 9 and Yodh et al. 1 0 addressed this problem by experimenting with the insertion of an intracavity lens between the dye cell and diffraction grating in a grazing incidence dye laser. The lens was positioned at a distance of approximately one focal length from the dye cell. This had the effect of increasing the overlap for a single pass between the re- Fig. 1 . (a) Cavity configuration: M is the 100% reflecting spherical end mirror, DC is the dye cell, L is the intracavity lens, GI is the grazing incidence grating, and G2 is the grating mounted in Littrow.
(b) The beam path for the lens cavity without a spherical end mirror is traced indicating that it is an unstable resonator. W is the 4% reflecting wedged window. (c) Replacing the window with the spherical mirror transforms the cavity into the stable concentric resonator, which retains high feedback efficiencies for many cavity passes.
turning light and the amplifying region of the dye by collimating the freely expanding light and then refocusing it through the same beam path (w = w 2 ). The increased feedback efficiency resulted in higher output powers. A second advantage of the lens was that it reduced the divergence of the beam which was incident on the grating, thereby decreasing the linewidth for a given angle of incidence. This will be discussed in more detail. To improve further the grazing incidence cavity, we studied a modified version of the lens design. A double-grating grazing incidence dye laser was operated with an intracavity lens, but the wedged 4% reflecting output mirror was replaced with a 100% reflecting spherical mirror. The output was taken from the zeroth order of the diffraction grating. These changes resulted in both increased efficiency and reduced linewidth compared to the conventional grazing incidence design. The foci of the lens and mirror were chosen so as to form an optically stable concentric resonator." 1 (R1 = R2 = d/2, where R, and R 2 are the radii of curvature of the two optics and d is the separation between them.) This design allowed the light to undergo many cavity passes, whereas the intracavity lens without a spherical mirror was only optically stable for a single pass. Also, the mirror-lens combination dramatically reduced the diffraction losses in the cavity while simultaneously feeding back 100% of the light for further amplification. The concentric design provided better definition of the active region within the dye medium, preventing weak modes from achieving the gain necessary to oscillate. These changes incorporated all the advantages of the intracavity lens design while significantly improving the stability and efficiency of the output pulses as well.
II. Experiment
The cavity configuration is given in Fig. 1 mm for the mirror) and was positioned 100 mm from the dye cell so that its radius of curvature overlapped that of the lens. The total cavity length was 28 cm. Both the lens and mirror were mounted on translation stages for precise positioning.
III. Theory
In general, the linewidth is defined as
where (X)/(aO) is the inverse of the angular dispersion and AO is the acceptance angle, i.e., the divergence.
For the single-pass model,' 2 the angular dispersion in a double-grating cavity is given as
where is the grazing angle, is the angle between the normal to the grazing incidence grating surface and its first-order diffracted beam,0' is the angle between the normal to the Littrow grating surface and its incoming beam, and a and 3 are the ratios of diffraction order to groove spacing for the grazing incidence and Littrow gratings, respectively. The important point to note is that as 0 approaches 900 the linewidth attains its minimum value. As is obvious from Eq. (1), the divergence also affects the linewidth. If the light beam fills up the grating so that the grating becomes the limiting aperture in the cavity, diffraction effects will arise, and the divergence will increase with 0 so that
where X is the wavelength of the light and 1 is the length of the grazing incidence grating. Further improvements in dispersion and linewidth beyond this gratinglimited angle are more difficult to realize and are achieved only at large expense to the efficiency. If the grating is not the limiting aperture, the lens reduces the divergence of the beam much more significantly and hence the linewidth as well. Physically this is easy to visualize by considering the change in beam geometry that the lens induces. Prior to inserting the lens, many spectral components of the diverging light were allowed to oscillate in the cavity because the variety of incidence angles onto the grating made it possible for more of them to follow the same beam path and thereby simultaneously satisfy the cavity boundary conditions. By using the lens to collimate this beam, many of these paths are eliminated so that the modes corresponding to them can no longer contribute to the linewidth. The addition of the intracavity lens to the basic double-grating cavity improves the coupling factor of the light beam to the active region of the dye for a single pass and results in higher conversion efficiencies. However, without the spherical mirror, or a second lens on the other side of the dye cell, the cavity becomes an unstable resonator during subsequent passes, as illustrated in Fig. 1(b) . The light returning from the 4% reflecting window has the same poor coupling factor to the amplifying medium as without the lens. To remedy this we replaced the window with a spherical mirror to form a stable concentric resonator cavity as illustrated in Fig. 1(c) . This design retains all the advantages of the enhanced coupling to the amplifying medium for many cavity passes. In addition, the mirror couples back 100% of the light incident on its surface rather than 4% for further amplification.
For a two-element resonator, optical stability is determined by the following relation":
where g = 1 -dR, and g 2 = 1 -d/R 2 . R and R 2 are the radii of curvature of the two optics and d is the separation between them. This relation defines a region of optical stability bounded by hyperbolas in the first and third quadrants of the g, -g 2 Cartesian plane. For the conventional grazing incidence dye laser, gg 2 = 1(g = 1 and g 2 = 1), and the cavity lies directly on one of these hyperbolas at the boundary for optical stability. For the intracavity lens design with a spherical end mirror, g 2 = 1 (g = -1 and 2 = -1), and this cavity lies on the hyperbola at the opposite edge of optical stability. However, for the intracavity lens design with a wedged end window, gg 2 < 0(g = 1 and g 2 < 0, since d > R 2 ), and this cavity lies outside the region of stability and is, therefore, an unstable optical resonator. Hence the addition of the spherical end mirror to the intracavity lens design should significantly improve the efficiency and stability of the dye laser.
IV. Results
The results of our linewidth studies are presented in Fig. 2 as a function of grazing angle. We investigated the conventional double-grating grazing incidence cavity with (1) an intracavity lens, (2) a spherical mirror, (3) a spherical mirror plus intracavity lens, and (4) no additions whatsoever. From this point on these will be referred to as the lens, mirror, mirror-lens, and basic cavities, respectively. The results indicate Since the mirror does not reduce the divergence or increase the angular dispersion of the beam, the linewidth reductions in this case must be due to a better definition of the active region of the dye and to the fact that the increased gain in the oscillator allows one to operate with more selective values of the cavity parameters than would otherwise be possible. It is also noteworthy to mention the stability that even the mirror alone gives to the mode structure. Particularly at grazing angles near 88.50 and larger, stable operation at 0.1 cm-' was achieved with little or no adjustment to the cavity. As with the improvements for the lens cavity, this must also be explained as primarily a single-pass effect since they are both unstable resonators. It should be possible to obtain further linewidth improvements in the mirror-lens design by using optics of smaller foci so that a decreased cavity length can be used and/or decreasing the active medium path length so that a better defined source is present. Our relative power measurements are presented in Fig.3 . We reproduced the results of Yodh et al. for the lens cavity and also obtained significantly larger improvements with the mirror and mirror-lens cavities. For the mirror-lens configuration the output was taken from the zeroth order of the grating, while the front 100- B is the basic cavity, ML is the mirror-lens cavity, FW is the front window output, and DG is the output from the zeroth order of the diffraction grating. The term stimulated efficiency is meant to indicate that the above results are due to stimulated radiation only. The spontaneous contribution to the output was measured and subtracted before these efficiencies were calculated. these values increase dramatically as one approaches larger angles of incidence. Also, the mirror-lens design allows operation in regions where the basic cavity lases only weakly or not at all.
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window output was used for the basic cavity. This was done to compare our results with those of Yodh et al., where factors of -2 improvement were observed for the front window output of the lens cavity compared to the basic one. For the mirror-lens design, factors of 10-20 improvement over the front window output of the basic cavity were typically obtained. These factors were reduced to 4-8 when compared with the zeroth-order output of the same cavity. In addition, the mirror-lens combination allowed us to operate at grazing angle where the conventional cavity would either lase weakly or not at all.
Efficiencies are compared in Table I . All measurements were made at alinewidth of 0.1 cm-. Stimulated light efficiencies of 15% for the mirror-lens cavity were obtained. The ratio of stimulated to spontaneous emission was determined by aperturing the laser light and allowing a representative sample to strike the surface of a diffraction grating where the spectral components were dispersed and separated for measurement. The mirror-lens design consistently improved the percentage of stimulated light coming off the zeroth order of the grating compared to the cavity without additions. In addition, at large grazing angles (289°) it was observed that, comparison to the mirror cavity, the mirror-lens design significantly enhanced the ratio of stimulated to spontaneous light. Stimulated components of <50% were measured in the mirror cavity, while that percentage was increased to above 90% in some cases for the mirror-lens cavity.
Although the improvements reported here were obtained with a double-grating grazing incidence dye laser, the mirror-lens design yielded stable efficient narrowband operation for a single-grating-tuning mirror dye laser as well. In addition, the beam quality in both the grating-grating and grating-mirror configurations was improved by the addition of the spherical mirror and intracavity lens. The divergence of the dye laser beam was greatly reduced in comparison to the basic cavity as a result of the collimating effects of the mirror-lens combination. One possible benefit of this effect is to increase conversion efficiencies during subsequent stages of amplification, since a well-collimated seed beam can more efficiently fill an amplifying medium than a strongly diverging one.
V. Discussion
Care must be taken to overlap the focus of the lens and the radius of curvature of the mirror as closely as possible to achieve maximum gain and stability. Otherwise optical instabilities can arise. Since the active region is not a point source, it cannot be perfectly collimated by the lens. To minimize any refocusing effects that this might cause, the lens-grating and mirror-grating distances should be made as small as possible. Also, decreasing the active medium path length would aid in minimizing this problem.
The lens and mirror mounts must be rigid. Due to a lack of space in our cavity, the lens mount had to be constructed with a small lever arm to allow ourselves the use of translation stages for precise positioning. We found that any vibrations affected this mount considerably, leading to instabilities in the observed mode structure. By replacing this design with a solid mount, stability was greatly improved.
Although the amount of spontaneous emission present in the dye laser output depends on many factors, including dye concentration and pump power, it is well known that the output from the zeroth order of the diffraction grating contains a larger percentage of spontaneous light. Typically we measured values of -50% for the double-grating cavity without additions. The mirror-lens cavity reduced this quantity to 30-35% at 0.1 cm-' and decreased it to <10% at larger grazing angles and narrower linewidths. Further improvements in the ratio of spontaneous to stimulated emission can be achieved by various methods. In particular, the bent cavity design, in which the cavity Io I s | optics are positioned so that the dye laser beam undergoes total internal reflection from the inside surface of the dye cell, is ideally suited for this application, since the majority of spontaneous light exits the cavity at a different angle from that of the stimulated light and is, therefore, not included in the output beam. The mirror-lens modifications could easily be added to this design. Another alternative cavity involves a design essentially the same in principle as for the mirror-lens configurations It can be constructed by returning to the 4% reflecting window and positioning two lenses of the same focal length on either side of the dye cell. This is also a concentric resonator and should achieve stable and more efficient output pulses than the single lens design. Although it obviously will not be as efficient as the mirror-lens cavity, it also gives one the option of using the output from the 4% reflecting window which typically contains much lower amounts of spontaneous emission (<1%).
VI. Conclusion
We have successfully demonstrated the efficient narrow bandwidth operation of a concentric resonator cavity in a double-grating grazing incidence dye laser using an intracavity lens and a 100% reflecting spherical end mirror. Advantages include increased efficiency and stability. We obtained stimulated light efficiencies of 15% at 0.1 cm-' and narrow linewidth operation down to 0.05 cm-'. The concentric design allows one to achieve narrow linewidths at more efficient angles of incidence and also to operate at more dispersive grazing angles than would otherwise be possible in a conventional grazing incidence dye laser.
